Obesity and type 2 diabetes are associated with increased lipogenesis in the liver. This results in fat accumulation in hepatocytes, a condition known as hepatic steatosis, which is a form of nonalcoholic fatty liver disease (NAFLD), the most common cause of liver dysfunction in the United States. Carbohydrate-responsive element-binding protein (ChREBP), a transcriptional activator of glycolytic and lipogenic genes, has emerged as a major player in the development of hepatic steatosis in mice. However, the molecular mechanisms enhancing its transcriptional activity remain largely unknown. In this study, we have identified the histone acetyltransferase (HAT) coactivator p300 and serine/threonine kinase salt-inducible kinase 2 (SIK2) as key upstream regulators of ChREBP activity. In cultured mouse hepatocytes, we showed that glucose-activated p300 acetylated ChREBP on Lys672 and increased its transcriptional activity by enhancing its recruitment to its target gene promoters. SIK2 inhibited p300 HAT activity by direct phosphorylation on Ser89, which in turn decreased ChREBP-mediated lipogenesis in hepatocytes and mice overexpressing SIK2. Moreover, both liver-specific SIK2 knockdown and p300 overexpression resulted in hepatic steatosis, insulin resistance, and inflammation, phenotypes reversed by SIK2/p300 co-overexpression. Finally, in mouse models of type 2 diabetes and obesity, low SIK2 activity was associated with increased p300 HAT activity, ChREBP hyperacetylation, and hepatic steatosis. Our findings suggest that inhibition of hepatic p300 activity may be beneficial for treating hepatic steatosis in obesity and type 2 diabetes and identify SIK2 activators and specific p300 inhibitors as potential targets for pharmaceutical intervention.
Introduction
The metabolic syndrome, which represents a collection of abnormalities including obesity, type 2 diabetes, dyslipidemia, fatty liver, and a proinflammatory state (1) , affects more than 27% of adults in the United States (2) and has become a major health concern worldwide. Central to the pandemic of this disease cluster is the dramatic increase in the incidence of obesity in most parts of the world. Obesity-induced ectopic accumulation of fat activates cellular stress signaling and inflammatory pathways (3, 4) , contributing to enhanced muscle insulin resistance, pancreatic β-cell failure, nonalcoholic steatohepatitis (NASH), and finally to organ damage. Of particular importance, increased fatty acid synthesis through the lipogenic pathway in liver results in the development of hepatic steatosis and contributes to the development of chronic hepatic inflammation and insulin resistance (reviewed in ref. 5) .
Today, it is well accepted that chromatin organization and transcriptional regulation are major components of the regulatory pathway where gene-specific transcription factors, coactivators, and corepressors interact which each other and with posttranslational modifiers to induce transcription. In particular, the capacity of the liver to regulate the expression of glycolytic and lipogenic genes, including l-pyruvate kinase (L-PK), fatty acid synthase (Fas), and acetyl-CoA carboxylase (Acc), to increase fatty acid synthesis in response to glucose and insulin is governed by a highly dynamic transcriptional regulatory network, including both SREBP-1c and carbohydrate-responsive element-binding protein (ChREBP) (6) . ChREBP, which has recently emerged as the major mediator of glucose action on glycolysis and lipogenesis, acts in synergy with SREBP-1c to fully induce fatty acid synthesis (7, 8) . Recent reports demonstrate that ChREBP plays an important role in the development of hepatic steatosis, since its liverspecific inhibition decreased the rate of hepatic lipogenesis and improved hepatic steatosis and insulin resistance in obese ob/ob mice (9, 10) . Although ChREBP activity is partially regulated by phosphorylation (reviewed in ref. 6 ), the molecular mechanisms enhancing its transcriptional activity in obesity and type 2 diabetes states remain largely unknown.
Increasing evidence suggests that specific posttranslational marks on the histones and non-histone proteins, such as phosphorylation, acetylation, or methylation marks, may contribute to the regulation of glucose and lipid metabolism (11) . These posttranslational marks are altered by histone-modifying enzymes, such as histone deacetylases (HDACs) and histone acetyltransferases (HATs) (12) . Among the HAT family members, the transcriptional coactivator p300 is an important component of the transcriptional machinery that participates in the regulation of chromatin organization and transcription initiation (reviewed in ref. 13 ). p300 takes part in diverse biological pathways, including differentiation, development, and proliferation (14, 15) , and has been implicated in numerous disease processes, including several forms of cancers and cardiac hypertrophy (16, 17) . Orchestration of these activities by p300 involves an enzymatic activity through a HAT domain for histone H3 and H4 acetylation and several other substrates including transcriptional regulators, resulting in enhanced gene transcription (18, 19) . Since, p300 activity is also regulated via phosphorylation, it is believed that p300 HAT activity is a central integrator of various signaling pathways in the nucleus (20, 21) . However, it is still unclear which kinases are responsible for p300 phosphorylation in vivo and where the phosphorylation occurs. More important, the functional links between specific phosphorylation events and p300 activity remain largely unknown, in particular the function of p300 in normal or aberrant regulation of fatty acid synthesis.
In the present study, we show that the serine/threonine kinase salt-inducible kinase 2 (SIK2), recently identified as a new AMPK/ SNF1 family member (22) , directly regulates hepatic lipogenesis through the regulation of p300 transcriptional activity by phosphorylation. First, we found that inhibition of SIK2 expression led to the development of hepatic steatosis characterized by an increase in de novo lipogenesis. This was due in part to enhanced ChREBP transcriptional activity by acetylation at Lys672, which increased its binding on its target gene promoters. We described SIK2 as an important inhibitor of p300 function through the inhibition of its HAT activity by direct phosphorylation at Ser89. More specifically, loss of SIK2 activity enhanced p300 HAT activity, which in turn increased ChREBP acetylation both in vitro and in vivo and potently stimulated ChREBP-induced transcription.
Overall, our results demonstrate that hyperactivation of p300 HAT activity is responsible, at least in part, for increased ChREBP transactivation potency and for the development of hepatic steatosis in states of obesity and type 2 diabetes. These findings suggest that SIK2-dependent regulation of p300 function could be critical for the modulation of glucose and lipid homeostasis in obesity and insulin-resistance states.
Results
Liver-specific inhibition of SIK2 expression alters fatty acid metabolism and results in hepatic steatosis, insulin resistance, and inflammation. Silencing SIK2 expression in liver ( Figure 1A ) enhanced the expression of gluconeogenic genes (Pepck and G6Pase) in the fed state ( Figure 1G ) by increasing CREB-regulated transcription coactivator 2 (CRTC2) activity through its dephosphorylation at Ser171 ( Figure 1A Figure 1A) , and glucose intolerance ( Figure 1D ), thus establishing the role of SIK2 in the regulation of hepatic glucose production and glucose homeostasis during feeding. Interestingly, SIK2 silencing also led to the development of hepatic steatosis characterized by an increase in liver weight (1.84 ± 0.23 g for mice injected with unspecific shRNA adenovirus [USi mice] vs. 3.74 ± 0.14 g for SIK2i mice) ( Figure 1B ). Histological analysis of liver sections from SIK2i mice revealed an increase in a mosaic pattern of hypertrophic hepatocytes showing abnormal accumulation of small cytoplasmic lipid droplets typical of a microvesicular steatosis, as revealed by oil red O staining ( Figure 1B ). Supporting this observation, both plasma and liver triglyceride (TG) levels were increased ( Figure 1E ). In addition, plasma concentrations of β-hydroxybutyrate, a marker of fatty acid oxidation and ketogenesis in the liver, were significantly lower in SIK2i mice despite the increase in plasma and liver FFA (non-esterified fatty acid [NEFA]) concentrations ( Figure 1F and Supplemental Figure 1A ). This observation is indicative of a cellular imbalance between fatty acid synthesis and fatty acid oxidation in the absence of SIK2. Consistent with the development of liver steatosis, mRNA levels of key genes involved in fatty acid synthesis (L-PK, ATP citrate lyase [Acl] , Acc, and Fas) were significantly higher in the liver of SIK2i mice ( Figure 1G ) and correlated with a 70% increase in lipogenic rates ( Figure 1B) . Finally, no major change in the expression of genes involved in fatty acid oxidation (Cpt1a, Ppara, or AOX) was observed in liver of SIK2i mice (Supplemental Figure 1D ), suggesting that the development of fatty liver in SIK2i mice mostly results from an increase in the lipogenic pathway. Excessive lipid accumulation in peripheral tissues is known to promote macrophage infiltration, thus stimulating local inflammation and eventually insulin resistance (24) . mRNA analysis revealed 60% and 30% increases in the liver macrophage markers macrophage inflammation protein 1c (MIP1c) and F4/80+, respectively (Supplemental Figure 1D ). In addition, several major proinflammatory cytokines, including resistin, TNF-α, and IL-6, were significantly increased in plasma of SIK2i mice (Supplemental Figure 1B) . Plasma concentrations of the transaminases alanine aminotransferase (ALAT) and aspartate aminotransferase (ASAT) were also increased, suggesting early liver damage (Supplemental Figure 1C ). Importantly, USi adenovirus injection in mice did not promote inflammation or liver damage compared with noninjected mice (data not shown). These observations indicate that inhibition of SIK2 expression in liver leads to the development of hepatic steatosis and inflammation, resulting in the development of insulin resistance.
Interestingly, while the transcriptional regulation of hepatic glycolytic and lipogenic genes is under the control of the transcription factors ChREBP and SREBP-1c, there was no significant change in the expression levels of these two transcriptional regulators in liver of SIK2i mice ( Figure 1A and Supplemental Figure 1D ), suggesting that SIK2 silencing enhances their transcriptional activity through posttranscriptional modification. In line with this hypothesis, it was recently reported that acetyl-CoA derived from glucose metabolism through the lipogenic pathway generates a substrate for chromatin modification and a signal for potentially activating glycolytic and lipogenic gene expression (25) . To explore the molecular mechanism underlying altered liver function in SIK2i mice, we measured global histone acetylation in vivo by Western blot analysis ( Figure 1H ). We observed an increase in acetylation levels of histone H3K9 and H4K8, which was correlated with a significant increase in acetyl-CoA concentration ( Figure 1H ). Furthermore, increases in proximal H3K9 acetylation, ChREBP occupancy to its DNA response element (ChoRE), and RNA polymerase II recruitment were observed on the L-PK promoter in liver of SIK2i mice ( Figure 1I ). We next sought to determine whether this increase in acetyl-CoA content selectively affects acetylation of histones or has equivalent effects on the acetylation of other cellular proteins. Surprisingly, increasing acetyl-CoA content influenced acetylation of only a select set of substrates. In fact, we found that SIK2 silencing did not promote acetylation of tubulin, a cytoskeletal protein that is acetylated by the Elongator HAT complex ( Figure 1H ). The increase in acetyl-CoA content as well as the increase in acetylation at both global level and specific genomic regions suggest that altered histone acetylation may contribute to changes in gene expression observed in liver of SIK2i mice.
SIK2-mediated phosphorylation of p300 on Ser89 inhibits its HAT activity. To determine the molecular mechanism by which SIK2 enhances fatty acid synthesis at the level of chromatin organization and transcription, we conducted a proteomic analysis to identify new SIK2-interacting proteins in hepatocytes and recovered the coactivator p300, known to play an important role in transcription. We confirmed the SIK2-p300 interaction in coimmunoprecipitation studies using epitope-tagged p300 and SIK2 constructs (Figure 2A) . Analysis of the amino acid sequence of p300 led to identification of Ser89 as a consensus recognition phosphorylation motif for SIK2 in p300 ( Figure 2B ). Phosphorylation of p300 at Ser89 has been previously reported to regulate its transcriptional activity, although the underlying mechanism remains unclear (21, 26 ). In the current study, using an in vitro kinase assay, we demonstrated that SIK2 phosphorylates p300 only at Ser89, since SIK2, without affecting its capacity to interact with p300, was unable to phosphorylate p300 containing a point mutation at Ser89 to alanine (S89A p300) (Figure 2A ). These results were confirmed using a phospho-specific Ser89 p300 antibody (Figure 2A ). In vivo, in the fed state, p300 was phosphorylated on Ser89 in liver of USi mice, consistent with the upregulation of SIK2 activity by insulin during feeding (23) (Figure 2C) . Interestingly, in liver of SIK2i mice, reduced amounts of Ser89-phosphorylated p300 were detected, indicating that p300 is probably a direct substrate of SIK2 in vivo ( Figure 2C ).
We next investigated whether phosphorylation at Ser89 of p300 by SIK2 affected its function. Expression constructs containing a Gal4 DNA-binding domain fused to either WT p300 (Gal4-WTp300) or p300 containing a point mutation at Ser89 to alanine (Gal4-S89A-p300) were transfected in HepG2 cells ( Figure 2D ). Coexpression of SIK2 repressed Gal4-WT-p300 activity by 3-fold compared with control, while SIK2 had no effect on Gal4-S89A-p300 activity ( Figure 2D ). Interestingly, Gal4-S89A-p300 was more active than Gal4-WT-p300, suggesting that phosphorylation of p300 by SIK2 represses its transcriptional ability. In support of this hypothesis, staurosporine (STS, an inhibitor of SIK2 activity) treatment markedly reduced amounts of Ser89 p300 phosphorylation in cells overexpressing SIK2, and as a result, its transcriptional activity was increased ( Figure 2E ). To examine whether SIK2-mediated phosphorylation directly affected p300 function, we carried out p300 HAT assays using free core histones and p300 that was previously phosphorylated by SIK2 in HEK293T cells. We observed that the HAT activity of WT p300 was markedly reduced by SIK2-mediated Ser89 phosphorylation ( Figure 2F ). In contrast, SIK2 did not affect HAT activity of S89A p300, indicating that the repression of p300 HAT activity was specific to the phosphorylation at Ser89. Similar data were obtained when we used GST-CRTC2, a well-known substrate of p300 (21, 26) , instead of free core histones as a HAT substrate, providing further evidence for a decreased p300 activity in the presence of SIK2 (Supplemental Figure 2A) . This decrease in p300 HAT activity by SIK2 was specific, since SIK2 was unable to decrease the HAT activity of several major HAT proteins, such as CBP, PCAF, and GCN5, known to play an important role in the regulation of gene transcription (Supplemental Figure 2B) . We also carried out functional p300 HAT assays in vivo ( Figure 2G ). The decrease in Ser89 p300 phosphorylation in liver of SIK2i mice ( Figure 2C ) was associated with a 2-fold increase in p300 HAT activity ( Figure  2G ). Therefore, our data suggest that the development of hepatic steatosis in liver of SIK2i mice could be linked to increased p300 activity, leading to enhanced glycolytic and lipogenic gene transcription through histone and non-histone protein acetylation.
p300 and ChREBP co-occupy the L-PK gene promoter in a glucose-dependent manner. To further address the role of p300, we next examined whether p300 directly interacted with the L-PK promoter in cultured hepatocytes ( Figure 3 ). ChIP assays revealed that the recruitment of p300, ChREBP, and RNA polymerase II, in addition to the acetylation levels of histones H3K9 and H4K8, at the L-PK promoter were markedly increased after glucose stimulation (Figure 3A and Supplemental Figure 3 , A-C). Together, these events led to increased ChoRE-luciferase reporter activity (ChoRE-luc: reporter containing only ChREBP-binding sites) ( Figure 3B ) as well as L-PK and Fas gene expression ( Figure 3C ). Importantly, inhibiting p300 expression decreased the glucose-stimulated association of ChREBP with the L-PK promoter, demonstrating that p300 is necessary for the binding of ChREBP to DNA ( Figure 3 , A and D). Interestingly, p300 recruitment to the L-PK promoter was also ChREBP-dependent (Supplemental Figure 4) . Indeed, in ChREBPdeficient hepatocytes (Supplemental Figure 4A ), p300 and RNA polymerase II recruitment as well as acetylated histones H3K9 and H4K8 at the ChoRE-containing region of the L-PK promoter were not detected, leading to the inhibition of ChoRE-luc activity and glycolytic and lipogenic gene expression (Supplemental Figure 4 , B-D). Taken together, our observations show that p300 and ChREBP are required for each other's ability to bind to the L-PK promoter. To further determine whether p300 and ChREBP are simultaneously associated to the L-PK promoter in glucose-treated hepatocytes, chromatin immunoprecipitated with ChREBP antibody was re-precipitated with p300 antibodies in a sequence-ChIP (seq-ChiP) experiment. L-PK promoter sequences were detected in hepatocytes re-precipitated with p300 antibodies (Supplemental Figure 3E ). These results suggest that p300 and ChREBP are simultaneously associated and co-occupy the L-PK promoter in a glucosedependent manner. This ChREBP-p300 interaction was confirmed in coimmunoprecipitation studies using epitope-tagged p300 and
Figure 1
Hepatic SIK2 silencing impairs lipid homeostasis. Mice were injected with unspecific (USi) or SIK2 shRNA adenovirus (SIK2i) and were studied 7 days later in the fed state. (A) Western blot analysis of key transcription factors and coactivators involved in the regulation of gluconeogenesis and lipogenesis in liver (n = 3-4 per group). (B) SIK2i mice develop hepatic steatosis as shown by increased liver size and H&E and oil red O staining of liver sections and by the rate of lipogenesis. Original magnification, ×200 (n = 4-8 per group; *P < 0.05). (C) Plasma glucose and insulin levels (n = 8 per group; *P < 0.01). (D) OGTT and ITT (n = 6 per group; *P < 0.01). (E and F) Total liver and plasma TGs and FFA levels (n = 8 per group; *P < 0.01). (G) Relative expression of glycolytic, lipogenic, and gluconeogenic genes (n = 8 per group; *P < 0.01). (H) Acetyl-CoA concentrations (n = 8 per group; *P < 0.02) and amounts of acetylated (Ac) H3K9, H4K8, and tubulin determined by Western blot analysis (n = 4 per group). (I) ChREBP, RNA polymerase II (RNA pol II) recruitment, and levels of acetylated H3K9 at the ChoRE-containing region of the L-PK promoter were measured by ChIP studies. The amount of immunoprecipitated H3 at the DNA was unchanged upon SIK2 silencing and was used as control to normalize H3K9 acetylation levels at the L-PK promoter (n = 8 per group; *P < 0.05). Data represent mean ± SEM.
ChREBP protein (Supplemental Figure 3G ). Because the glucosemediated recruitment of RNA polymerase II to the L-PK promoter was dependent upon p300 and ChREBP, we next examined whether RNA polymerase II was also present on the promoter as part of the p300/ChREBP complex. A seq-ChIP experiment with p300 revealed a 2.8-fold increase in RNA polymerase II seq-ChIP signal at 25 mM glucose (Supplemental Figure 3F) . Similar results were found using a ChREBP antibody for the first round of immunoprecipitation
Figure 2
SIK2 promotes p300 Ser89 phosphorylation and inhibits p300 activity. (A) Top 2 panels: Coimmunoprecipitation assay from HepG2 cells using epitope-tagged p300 and SIK2 proteins. The amount of SIK2 recovered from IPs of p300 is shown. Middle 4 panels: Western blot analysis of p300 with specific anti-phospho-Ser89 antiserum after phosphorylation by SIK2. Bottom 2 panels: Autoradiograph showing phosphorylation of p300 at Ser89 by SIK2 in an in vitro kinase assay. Data are representative of 3 independent experiments. NS, nonspecific. (B) p300 phosphorylation site at Ser89 by SIK2 is conserved across eukaryotic species. (C) Western blot analysis of phosphorylated Ser89 p300 and acetylated ChREBP levels in liver of USi and SIK2i mice (n = 8 per group). (D) Measurement of Gal4-WT and S89A p300 activity in HepG2 cells overexpressing SIK2. Data are the average of 3 independent experiments (mean ± SEM; *P < 0.05). (E) Left: Western blot analysis of p300 Ser89 phosphorylation after STS treatment in HepG2 cells. Data are representative of 3 independent experiments. Right: Measurement of UAS-luciferase activity in HepG2 cells overexpressing Gal4-WT-p300 with SIK2 after STS treatment. Data are the average of 3 independent experiments (mean ± SEM; *P < 0.05). (F) Inhibition of p300 HAT activity via phosphorylation at Ser89 by SIK2. WT or S89A p300 were overexpressed in HepG2 cells with or without a SIK2 expression vector. p300 was then immunoprecipitated and used for HAT assays on core histone proteins. Data are the average of 3 independent experiments (mean ± SEM; *P < 0.05). (G) p300 HAT activity in liver of USi and SIK2i mice (n = 8 per group; data represent mean ± SEM; *P < 0.01).
(data not shown). From the cumulative findings shown in Figure 3 and Supplemental Figure 3 , we conclude that RNA polymerase II is recruited to the L-PK gene promoter in a glucose-dependent manner, as part of a p300/ChREBP complex, which is required for maximal transcription by glucose. p300 associates and regulates ChREBP transcriptional activity by acetylation. To date, the involvement of p300 via its HAT activity in the glucose-mediated regulation of ChREBP activity by acetylation has not been demonstrated to our knowledge. To examine whether ChREBP can be acetylated, we incubated HepG2 cells overexpressing epitope-tagged ChREBP with or without a p300 expression vector, in the presence of [ 3 H]acetate for 1 hour. As shown in Figure 3E , ChREBP is an acetylated protein, and p300 overexpression enhanced this acetylation. Furthermore, coincubation of HepG2 cells with Lys-CoA-TAT (a cell-permeable p300 HAT inhibitor) abolished the acetylation of ChREBP by p300 ( Figure  3E ). These results were confirmed by Western blotting of ChREBP immunoprecipitated with antiserum that recognized acetylated lysine, which showed that acetylated ChREBP levels were elevated in cells overexpressing p300 (Supplemental Figure 3G) . In addition, acetylation levels of ChREBP were increased in liver of SIK2i mice, concomitantly or concurrent with upregulation of p300 HAT activity (Figure 2 , C and G). In a seq-ChIP experiment, we demonstrated that ChREBP was highly acetylated on the L-PK promoter in response to glucose stimulation and found that p300 overexpression increased its acetylation ( Figure 3D and Supplemental Figure 3H ). In addition, we found that ChREBP was only acetylated in the nucleus of hepatocytes upon glucose stimulation, when it associated with p300 (data not shown). Then, to determine whether the HAT activity of p300 is important for the regulation of ChREBP function by acetylation, we examined the effect of p300 overexpression on Gal4-ChREBP transactivation potency in HepG2 cells. Overexpression of p300 significantly enhanced Gal4-ChREBP transactivation activity, and this effect was abolished by coincubation with Lys-CoA-TAT or by overexpression of a catalytically inactive p300 mutant in which the HAT domain was deleted ( Figure 3E and Supplemental Figure 4E ). To further determine the functional specificity of p300 HAT activity in ChREBP function, we examined the recruitment of p300, CBP, GCN5, and PCAF to the L-PK promoter by ChiP studies in hepatocytes. Although the recruitment of CBP on the L-PK promoter was slightly increased, there was no association of GCN5 and PCAF to the L-PK promoter in response to glucose stimulation (Supplemental Figure  5B) . Then, to test whether these HATs were able to acetylate and regulate ChREBP activity, we performed in vitro acetylation studies. ChREBP was acetylated by p300 and to a lesser extent by CBP, but not by GCN5 or PCAF (Supplemental Figure 5A) . However, as expected, histones were robustly acetylated by all of these acetylases (Supplemental Figure 5A) . In contrast to p300 overexpression, ChREBP transactivation potency (i.e., ChREBP occupancy to the L-PK promoter, Gal4-ChREBP, and ChoRE-luc activities) was not increased upon GCN5 and PCAF overexpression and only modestly increased by CBP. These results suggest that p300 and to a lesser extent CBP, but not GCN5 and PCAF, are directly involved in the glucose-dependent induction of ChREBP by acetylation, suggesting functional specificity of acetylases in the regulation of ChREBP transcriptional activity.
p300-mediated acetylation of ChREBP at Lys672 increases its DNA binding activity. To further define the functional role of ChREBP acetylation, we identified acetylated lysine (K) residues using tandem mass spectrometry (MS/MS). Flag-tagged ChREBP was expressed in HEK293T cells and was acetylated by p300 ( Figure 4 and Supplemental Figure 6 ). The MS/MS analysis revealed that K658, K672, and K678 located in the DNA-binding domain of ChREBP were the major sites acetylated by p300 ( Figure 4A ). The total coverage of peptides for all the ChREBP MS/MS analysis is depicted in Supplemental Figure 6A and was about 46% when trypsin was used for digestion. To confirm these results, we cotransfected cells with plasmids coding for p300 and either WT ChREBP or one of the acetylation-defective ChREBP mutants (ChREBP K658R, K672R, and K678R). ChREBP acetylation levels were significantly reduced in K658R, K672R, and K678R mutants compared with WT ChREBP, indicating that these particular lysines are targeted by p300 for acetylation in vitro ( Figure 4B and Supplemental Figure 6B) . It is important to note that K658R, K672R, and K678R mutations in ChREBP did not change the capacity of p300 to interact with ChREBP ( Figure 4B ). Next, we determined whether acetylation of ChREBP affected its transactivation ability by analyzing ChoRE-luc activity in the presence of the K658R, K672R, and K678R mutants. The K672R mutant was the only one to drastically decrease ChREBP activity stimulated by p300 compared with WT ( Figure 4A ). This result indicates that ChREBP transactivation activity is increased when ChREBP is acetylated by p300 at K672.
Acetylation of transcription factors often alters their activity dependent on the functional domains that are modified (27) . In the case of ChREBP, Lys672, which has a high impact on ChREBP transcriptional activity in response to p300, is located within the basic region of the DNA-biding domain ( Figure 4A ) and is adjacent to two arginine (R) residues (R673 and R674) previously described to be important to support the glucose response by ChREBP (28) . Indeed, mutation of R673 and R674, respectively, to alanine and glutamine totally abolished the binding of ChREBP to its target gene promoter and inhibited its transcriptional activity. This ChREBP mutant works as a dominant negative form (ChREBP DN) in hepatocytes (28) . Given that K672 is localized contiguously to these two arginines, we checked whether this specific acetylation site could influence ChREBP DNA-binding activity. To assess this possibility, we performed ChIP analysis on the L-PK promoter using ChREBP DN as a negative control (Figure 4 , C-E). As expected, p300 overexpression, by increasing ChREBP acetylation levels, enhanced WT ChREBP occupancy to the L-PK promoter and consequently potentiated the induction of L-PK gene expression. In contrast, despite the fact ChREBP DN was normally acetylated by p300, there was no recruitment of this mutant to the L-PK promoter in response to p300 overexpression. As a consequence, ChREBP DN was unable to induce the expression of L-PK in response to p300 overexpression. Interestingly, the amount of DNA-bound K672R ChREBP mutant was not enhanced by p300 overexpression and correlated with decreased ChREBP acetylation levels ( Figure 4 , C-E). Under this condition, K672R ChREBP was unable to induce L-PK expression when p300 was overexpressed. However, it is interesting to note that DN or K672R ChREBP is still able to interact with Mlx after p300 overexpression, confirming that the lack of LPK expression is the result of a decreased recruitment of these mutants to the ChoRE of the L-PK promoter rather than a modification in the heterodimer formation at the promoter. To further assess the transcriptional activities of K672R and DN ChREBP mutants, we used a different functional assay that allowed us to measure the activity of these mutants relative to WT ChREBP (Supplemental Figure 6C) . In this competition assay (28), a constant amount of WT ChREBP was inhibited by transduction of cells with either ChREBP DN or K672R mutants. Interestingly, overexpressing ChREBP DN or K672R inhibited in a dose-dependent manner the capacity of WT ChREBP to induce ChoRE-luc activity under both basal and p300 overexpression conditions. Finally, we tested the role of K672 acetylation in the glucose-dependent regulation of ChREBP transcriptional activity in hepatocytes (Figure 4, F-I) . Acetylation of the ChREBP K672R mutant and its recruitment to the L-PK promoter were significantly reduced in response to glucose treatment compared with WT ChREBP ( Figure 4F and Supplemental Figure 6D ). As a consequence, L-PK expression and TG synthesis were reduced (Figure 4, H and I ). Taken together, our results demonstrate that the p300-mediated acetylation of ChREBP within its DNA-binding domain at K672 promotes its recruitment to the ChoRE of the L-PK promoter.
p300 is a rate-limiting transcriptional coactivator in the regulation of fatty acid synthesis in hepatocytes. Since p300 is recruited to the L-PK promoter in a glucose-dependent manner and plays an important role in the regulation of ChREBP activity by acetylation, the function of p300 in the regulation of glycolytic and lipogenic gene expression and fatty acid synthesis was analyzed by testing the effects of p300 overexpression or inhibition in cultured hepatocytes. Overexpression of p300 increased whereas its downregulation significantly decreased the amount of acetylated ChREBP ( Figure 3D and Supplemental Figure 3H ). As a consequence, p300 silencing resulted in a substantial decrease in both LPK and FAS expression in response to glucose, whereas p300 overexpression enhanced their expression ( Figure 3C ). In functional reporter assays, overexpression of p300 significantly increased ChREBP transactivation (increase in ChoRE-luc reporter activity), whereas inhibition of p300 expression prevented this effect ( Figure 3B ). Interestingly, inhibition of p300 expression in hepatocytes led to decreased fatty acid and TG synthesis (Figure 3, F and G) , whereas p300 overexpression increases their cellular content. Addition of Lys-CoA or curcumin (a specific p300 inhibitor) to cultured hepatocytes confirmed these results (Supplemental Figure 7) , by reducing the amount of acetylated ChREBP (Supplemental Figure 7, A and E), ChoRE-luc activity (Supplemental Figure 7 , C and G), expression of glycolytic and lipogenic genes and TG concentrations in response to glucose and insulin (Supplemental Figure 7, B, D, F, and H) . To our knowledge, our study is the first to report the absolute requirement of p300 in the ChREBP-mediated glucose effect on glycolytic and lipogenic genes to promote fatty acid synthesis.
p300 mediates the SIK2-elicited inhibition of ChREBP-dependent induction of lipogenesis in hepatocytes.
We further tested the possibility that SIK2-mediated repression of lipogenesis was directly linked to the inhibition of p300 HAT activity and consequently to the inhibition of ChREBP activity. As shown in Figure 5 , A and B, inhibition of SIK2 expression in cultured hepatocytes decreased p300 S89 phosphorylation, enhanced p300 HAT activity, and increased the recruitment of ChREBP to the L-PK promoter ( Figure 5C and Supplemental Figure 8A ). As a consequence, p300 HAT activation enhanced the acetylation of H3K9 and H4K8 and ChREBP and increased ChoRE-luc activity in response to glucose stimulation ( Figure 5 , A and D, and Supplemental Figure 8 , B and C). However, coinhibition of p300 expression with SIK2 in hepatocytes successfully counteracted the stimulatory effect observed in SIK2i-treated cells, by decreasing ChREBP acetylation and transcriptional activity, as demonstrated by decreased ChoRE-luc activity, glycolytic and lipogenic gene expression, and fatty acid synthesis ( Figure 5 , A, C, D, and E, and Supplemental Figure 8 , B, D, and E). Finally, to confirm these results, we cotransfected HepG2 cells with either WT or S89A p300 in the presence or absence of SIK2 in a Gal4-ChREBP reporter assay. As expected, both the WT and S89A mutant of p300 enhanced Gal4-ChREBP and ChoRE-luc activity by increasing ChREBP acetylation levels ( Figure 5 , G-I). Coexpression of SIK2 repressed WT p300-mediated induction of Gal4-ChREBP and ChoRE-luc activity by 3-fold ( Figure 5, H and I) . However, the effect of SIK2 overexpression on Gal4-ChREBP reporter activity was abolished in cells cotransfected with the S89A p300 mutant. These results strongly correlate with the fact that SIK2 is unable to inhibit S89A p300 HAT activity by phosphorylation to prevent ChREBP activation by acetylation ( Figure 5G ). Finally, reduced hepatic TG levels caused by SIK2 overexpression were restored to normal levels when the S89A mutant of p300 was coexpressed ( Figure 5J ). These results demonstrate that the phosphorylation at Ser89 and subsequent inhibition of p300 activity were the key events leading to the downregulation of ChREBP activity in SIK2-overexpressing hepatocytes.
Dysregulation of p300 activity in vivo leads to the development of hepatic steatosis, inflammation, and insulin resistance. Together, our data showed so far that p300 may participate in the development of hepatic steatosis in liver of SIK2i mice, particularly by enhancing glycolytic and lipogenic gene transcription via the modulation of ChREBP activity by acetylation. These results suggest that decreased SIK2 activity in states of insulin resistance could be responsible for the upregulation of fatty acid synthesis, leading to the development of hepatic steatosis. In the present study, we found that SIK2 kinase activity, which is physiologically activated by insulin (23) and inhibited by glucagon (29) , was downregulated in liver of fed ob/ob mice or mice fed on a high-fat diet (HFD) for 4 months (Supplemental Figure 9A) . These two mouse models of obesity and type 2 diabetes showed severe hepatic insulin resistance as demonstrated by fasting hyperglycemia (82.5 ± 6.4 for Figure 9B) , and the inability of insulin to stimulate Akt phosphorylation (Supplemental Figure 9, C and D) . In the fed state, ob/ob and HFD-fed mice also displayed increased plasma glucagon concentrations and liver PKA activity when compared with ob/+ and chow diet-fed mice, respectively (Supplemental Figure 9 , B and E). Together, the data indicate that decreased hepatic insulin signaling and enhanced PKA activity inhibited SIK2 kinase activity in these two models. Since decreased SIK2 activity is associated with reduced p300 Ser89 phosphorylation (Supplemental Figure 9 , C and D), p300 HAT activity was enhanced in these mouse models, increasing ChREBP acetylation levels and lipogenesis when compared with control mice (Supplemental Figure 9 , C, D, and F). Overall, our results demonstrate that enhanced p300 HAT activity in states of obesity and insulin resistance, as a result of decreased SIK2 kinase activity, is correlated with the development of hepatic steatosis. Thus, we finally tested whether dysregulation of p300 activity in vivo could indeed lead to the development of fatty liver. Adenovirus-mediated overexpression of p300 led to severe hepatosteatosis ( Figure 6A) , with marked accumulation of large lipid droplets and higher TG and NEFA concentrations compared with GFP-overexpressing mice ( Figure 6 , A and D, and Supplemental Figure 10A ). p300 overexpression enhanced both its HAT activity and recruitment to the L-PK promoter ( Figure 6C and Supplemental Figure 10B ). As a consequence, p300 overexpression increased H3K9 and ChREBP acetylation levels (Figure 6 , B and G), increased ChREBP occupancy to the L-PK promoter ( Figure 6G) , and enhanced L-PK, Acl, Acc, and Fas gene expression, with no change in mRNA expression levels of either ChREBP or SREBP-1c ( Figure 6E and Supplemental Figure 10C) . By enhancing the induction of ACL and lipogenesis, p300 overexpression increased the synthesis of acetyl-CoA ( Figure 6F and Supplemental Figure  10C ), which is used to acetylate histone H3K9 and ChREBP to promote fatty acid synthesis and development of hepatic steatosis. However, increased acetyl-CoA content only affected a select set of substrates, since the acetylation of tubulin was unchanged when p300 was overexpressed (Supplemental Figure 10B) . Importantly, all of these effects were reversed by SIK2 co-overexpression. Indeed, SIK2-and p300-overexpressing mice were almost entirely protected from nonalcoholic fatty liver disease (NAFLD), showing lipid droplets that were smaller in number and diameter and a reduction in both TG and NEFA concentrations ( Figure 6 , A and D, and Supplemental Figure 10A ). SIK2 overexpression inhibited p300 HAT activity by increasing its Ser89 phosphorylation (Figure 6 , B and C) and decreased its recruitment to the L-PK promoter (Supplemental Figure 10B) . In agreement with the observation that SIK2 protects from p300-mediated hepatic steatosis, we found that SIK2 and p300 co-overexpressing mice presented lower acetyl-CoA concentrations ( Figure 6F ), decreased H3K9 and ChREBP acetylation levels (Figure 6, B and G) , and, as a consequence, reduced glycolytic and lipogenic gene expression ( Figure 6E and Supplemental Figure 10C) . Together, these data demonstrated that increased SIK2 activity leads to the significant improvement of hepatic steatosis and dyslipidemia induced by p300.
Consistent with the development of hepatic steatosis, p300 overexpression increased plasma glucose, insulin, TG, and NEFA concentrations, whereas SIK2 co-overexpression restored these parameters to GFP control levels ( Figure 6 , D and E, Figure 7A , and Supplemental Figure 10A ). Based on reports showing that liver and peripheral insulin resistance can also be a direct consequence of NAFLD (reviewed in ref. 5), we next examined whether glucose tolerance and insulin sensitivity differed between GFPand p300-overexpressing mice ( Figure 7A) . Consistent with the development of hepatic steatosis, p300-overexpressing mice became largely glucose intolerant and insulin-resistant compared with GFP-overexpressing mice ( Figure 7A ). In particular, p300 overexpression led to the development of liver insulin resistance characterized by decreased Akt phosphorylation ( Figure 6B ) and reduced glycogen content in the fed state (Supplemental Figure  10F) . As a result of the state of insulin resistance, Ser171 CRTC2 phosphorylation decreased ( Figure 6B) , and Pepck and G6Pase gene expression was upregulated in livers of p300-overexpressing mice, leading to the development of postprandial hyperglycemia ( Figure 7, A and B) . However, SIK2 overexpression, by preventing fat accumulation, totally protected mice from the effects of p300 overexpression. Area under the curve of oral glucose tolerance and insulin tolerance tests (OGTT and ITT) revealed an improvement in both glucose tolerance and insulin sensitivity in mice co-overexpressing SIK2 and p300 ( Figure 7A ). SIK2 overexpression increased phosphorylation of CRTC2, and as a result expression of Pepck and G6Pase was strongly reduced, corroborating the improvement of hepatic insulin sensitivity and glucose tolerance ( Figure 6B and Figure 7, A and B) .
Since hepatic steatosis is generally associated with inflammation, known markers of inflammatory response were measured in p300-overexpressing mice. Circulating levels of IL-6, resistin, and TNF-α, regulated by NF-κB, itself activated by dietary lipids (30) , were significantly enhanced in p300-overexpressing mice (Supplemental Figure 10D) . In comparison, SIK2-overexpressing mice exhibited significantly lower levels of inflammatory markers. Interestingly, p300 was previously described to enhance NF-κB activity (31) and to increase the secretion of IL-6 (32). To evaluate whether NF-κB was downregulated by SIK2-mediated inhibition of p300 function, we examined NF-κB activity by using a luciferase reporter gene assay under the transcriptional control of NF-κB response elements ( Figure 7C ). Both WT and S89A p300 overexpression enhanced IL-6-(data not shown) and TNF-α-mediated activation of NF-κB in HepG2 cells ( Figure 7C ). In contrast, the TNF-α-and IL-6-mediated stimulation of NF-κB was lower in HepG2 cells overexpressing SIK2 and WT p300 but not in HepG2 cells coexpressing SIK2 and S89A p300 ( Figure 7C ). In addition, the amount of transaminases ALAT and ASAT was decreased in mice co-overexpressing SIK2 and p300 (Supplemental Figure   Figure 6 p300 overexpression impairs lipid homeostasis and leads to hepatic steatosis. Mice were injected with either p300 and/or SIK2 overexpressing adenovirus and studied 7 days later in the fed state. (A) p300-overexpressing mice develop hepatic steatosis as shown by increased liver size and oil red O staining of liver sections. Original magnification, ×200 (n = 6 per group). (B) Western blot analysis of p300 and SIK2 protein content, acetylated ChREBP levels, and Akt phosphorylation on Thr308 (n = 6 per group). (C) Liver relative p300 HAT activity (n = 6 per group; *P < 0.01). (D) Total liver and plasma TG levels (n = 6 per group; *P < 0.01). (E) Relative L-PK and Fas gene expression (n = 6 per group; data represent mean ± SEM; *P < 0.01). (F) Acetyl-CoA concentrations (n = 6 per group; *P < 0.01). (G) ChREBP recruitment and levels of acetylated H3K9 on the L-PK promoter measured by ChIP studies (n = 8 per group; *P < 0.05). 10E). In summary, SIK2, by promoting p300 Ser89 phosphorylation, protects liver from excess fat accumulation, inflammation, damage, and consequently insulin resistance, beneficial effects in obesity and type 2 diabetes.
Discussion
In the search for a candidate kinase that plays a role in hepatocyte energy metabolism, SIK2 appeared interesting due to its abundant expression with unknown function in liver (22) . SIKs share several substrates with AMPK, as in the case of Ser171 of CRTC2 (33) , and have been previously implicated in the molecular control of hepatic glucose production and in protection from metabolic syndrome (23, 29, 34) . In the present study, we demonstrate that SIK2 activity is inhibited in the liver in two independent mouse models of obesity and type 2 diabetes (ob/ob and HFD-fed mice) and consequently can be associated not only with elevated blood glucose levels (23) but also with the development of hepatic steatosis. In support of this hypothesis, using both SIK2 overexpression and knockdown approaches, we revealed its involvement in the repression of genes critical for fatty acid and TG synthesis. Importantly, we found that SIK2 overexpression protects from liver damage induced by chronic exposure to HFD during obesity and type 2 diabetes, via p300 Ser89 phosphorylation and subsequent inactivation of p300 HAT activity (Figure 8) .
First, we propose that the formation of the glucose-sensing complex on glycolytic and lipogenic gene promoters may allow the coactivator p300 to form a bridge with the basal transcriptional apparatus, thus physically assisting the recruitment of RNA polymerase II, as has been previously described in other models (13) . Indeed, p300 was recruited to the L-PK promoter in a glucose-dependent manner, promoting ChREBP as well as histone H3K9 and H4K8 acetylation. Importantly, we show here that SIK2 impacts ChREBP posttranscriptionally through the regulation of p300 HAT activity. Interestingly, increased occupancy and acetylation of ChREBP at the L-PK promoter after treatment with high-glucose concentrations were largely attenuated by downregulation of p300 function through SIK2-mediated Ser89 p300 phosphorylation. Taken together, our results demonstrate that p300 coactivates glucose-mediated ChREBP induction of glycolytic and lipogenic gene expression by acetylating both histone and ChREBP itself, which may contribute to increased association of ChREBP and RNA polymerase II with the promoter. Significantly, we demonstrate, for the first time to our knowledge, that acetylation of ChREBP by p300 constitutes a regulatory mechanism for ChREBP-dependent transcription. The major ChREBP acetylated site is K672 located within its DNA-binding domain. Mutation of ChREBP K672 resulted in decreased DNA binding and transactivation activity, indicating that acetylation of ChREBP is required for its capacity to interact with its target gene promoters. This observation correlates with previous reports showing that increasing acetylation within the DNA-binding domain of transcription factors such as p53 (19) , Nrf2 (35) , or HNF4 (36) enhances their binding to the DNA, allowing an increase in their transcriptional activity. Although K672 was identified as the major acetylation site for ChREBP, K658 and K678 were also shown to be acetylated. However, single mutation at these sites did not affect ChREBP transcriptional activity. Interestingly, recent studies demonstrated that acetylation of p53 at different lysines residues affected Figure 7 p300 overexpression impairs liver glucose homeostasis and leads to the development of glucose intolerance and insulin resistence. Mice were injected with p300-and/or SIK2-overexpressing adenovirus and studied 7 days later in the fed sate. (A) Left: OGTT and ITT. Right: Postprandial blood glucose and insulin concentrations (n = 6 per group; *P < 0.01). (B) Relative Pepck and G6Pase gene expression (n = 6 per group; *P < 0.01). (C) NF-κB-luc reporter gene assay. HepG2 cells were transfected with a NF-κB-luc reporter vector and stimulated with 10 ng/ml TNF-α. Luminescence was measured 6 hours after TNF-α incubation. Data are representative of 3 independent experiments (mean ± SEM; *P < 0.05). different biological processes. Acetylation of p53 at K120 in the DNA-binding domain is crucial for apoptosis but is dispensable for cell-cycle arrest (37) . Likewise, acetylation at K658 and K678 in ChREBP may have different functional outcomes and may selectively play a role in the regulation of subsets of target genes involved in different metabolic pathways other than lipogenesis. Therefore, in the future, it will be important to determine, in states of obesity and type 2 diabetes, whether ChREBP acetylation is generally increased or whether this acetylation occurs at specific sites, allowing ChREBP to be recruited selectively to its target gene promoters.
Overall, the present results suggest that modulation of p300 HAT activity by SIK2 in liver could be an attractive approach to relieve symptoms associated with NAFLD. Hepatic de novo lipogenesis, together with expression of genes in this pathway, are increased in NAFLD patients (38) . As a master regulator of fatty acid synthesis, ChREBP was suggested to be involved in the development of this disease by contributing to the onset of fatty liver phenotypes (9) . Liver-specific silencing of ChREBP expression in ob/ob mice resulted in a decrease in liver and serum lipid levels and in an improvement in metabolic profiles (9) that are reminiscent of the phenotype resulting from inhibition of p300 function in liver of SIK2-overexpressing mice. Cotransfection of SIK2 with a non-phosphorylable form of p300 at Ser89 efficiently reversed the inhibitory effect of SIK2 on glycolytic and lipogenic genes and TG synthesis. In addition, while acetylation and deacetylation of ChREBP are dynamic processes under normal physiological conditions (Supplemental Figure 10G) , so that acetylated ChREBP levels are transiently elevated in response to feeding to activate ChREBP signaling pathway in hepatocytes, constitutively elevated ChREBP acetylation levels are also associated with pathological states of hepatic steatosis (Supplemental Figure 10G ). This increase in p300 HAT activity and hyperacetylation levels in state of obesity and type 2 diabetes through the decrease in SIK2 kinase activity may explain dysregulation of energy homeostasis. In this line of evidence, we show that downregulation of p300 activity, through SIK2-mediated Ser89 phosphorylation resulted in a marked decrease in expression of ChREBP target genes, which therefore decreased TG levels. Each of these changes results in improved lipid profiles that may reduce the probability of NAFLD. However, in this model, it would be interesting to determine the contribution of the transcription factor SREBP-1c, which is also regulated by acetylation in a p300-dependent manner (39) . Indeed, several studies demonstrated that upregulation of SREBP-1c activity is associated with the development of hepatic steatosis (40) .
Because the phosphorylation of p300 at Ser89 inhibits its intrinsic HAT activity directly, it may also affect p300 transcription coactivator function in different systems. These observations suggest that the SIK2-mediated p300 Ser89 phosphorylation may have a broader effect on the transcription events involving p300. As a consequence, the regulation of transcription pathways aside from lipogenesis by SIK2 may go through inhibiting p300 acetylation of other transcriptional factors. In this line of evidence, as previously described by Y. Liu and colleagues (26) , p300 inhibition reduced expression of G6Pase and PEPCK and inhibited hepatic glucose production. Therefore, p300 downregulation contributes to decreased serum glucose levels and increased insulin sensitivity, which are beneficial effects in diabetes. In addition, concomitant with the development of hepatosteatosis, hepatic inflammation is an established risk factor for the development of hepatic insulin resistance and glucose intolerance (41) , which in turn can stimulate the development and progression to hepatosteatitis (42) . We showed that moderate and systemic SIK2 overexpression also results in protection from obesity-induced inflammation characterized by a decrease in IL-6 and TNF-α secretion and by an inhibition of NF-κB activity through direct regulation of p300 HAT activity. The hepatic NF-κB signaling pathway is activated by HFD exposure and triggers insulin resistance (30) , thereby linking inflammation with obesity-induced insulin resistance. This observation is supported by recent findings that link p300 and inflammation. For example, it has been previously demonstrated that enhancement of p300 activity leads to the activation of the NF-κB signaling pathway and secretion of the proinflammatory cytokine IL-6 (31). Together, these finding further indicate that SIK2 also protects liver from inflammation, through the inhibition of p300 HAT activity.
However, our study did not directly address the question of the specific action of p300 Ser89 phosphorylation in the regulation of a select set of p300 substrates. Indeed, in this study, although we dissected the complexity of SIK2 action on p300 functions in the liver and studied its effects on glucose and lipid metabolism, it is possible that the inhibition of p300 function by SIK2 could still have some effects on many other processes, as revealed by previous studies (14) (15) (16) (17) . For example, our analysis confirmed that SIK2 silencing enhanced H3K9 and H4K8 acetylation in DNA isolated from the liver at the global level, but the biological relevance of this modification in metabolism is not clear and will be an interesting topic for future investigation. Although many of the changes can be secondary, some others may be directly linked to p300 Ser89 phosphorylation by SIK2, and their impact on glucose and lipid metabolism should be carefully investigated in future studies. Interestingly, p300 Ser89 is localized near an LXXLL motif. This protein-protein interaction domain has been
Figure 8
Model of SIK2 actions on the regulation of p300 HAT activity, linking dietary lipids, hepatosteatosis, hepatic inflammation, and glucose intolerance. previously described to be important for the function of several transcription factors, such as PPARγ and FOXO1 (43, 44) . Thus, it is possible that phosphorylation of p300 at Ser89 by SIK2 affects its interaction with a select set of substrates. Nevertheless, further investigation, ongoing in our laboratory, will be required to ascertain how this specificity is achieved.
Finally, today, it is well accepted that mice with type 2 diabetes manifest selective hepatic insulin resistance, characterized by an impaired suppression of gluconeogenesis, while lipogenesis, which is normally dependent on insulin action, remains fully activated, producing the deleterious combination of hyperinsulinemia, hyperglycemia, and hypertriglyceridemia. Despite the insulinresistant state, insulin sensitivity seems to be maintained for the ChREBP pathway, with elevated fatty acid and TG synthesis in the liver. Interestingly, it was recently proposed that, independently of this state of insulin resistance, lipogenesis could also be driven by other factors in the metabolic syndrome (45) . Supporting this hypothesis, in our study, SIK2 appears to be the missing link to reconcile this apparent paradox of increased lipogenesis in the state of insulin resistance. First, we recently provided evidence that SIK2 is directly activated by insulin through Ser358 Akt phosphorylation during refeeding and thus is a direct target of insulin resistance (23) (Supplemental Figure 9A ). In addition, in the current study, we demonstrated that SIK2 inhibited hepatic lipogenesis in a p300/ChREBP-dependent manner. Consequently, in the state of insulin resistance, the decrease in SIK2 function enhanced p300 HAT activity and transactivation potency, which in turn promoted fatty acid synthesis despite decreased Akt activation. Thus, Aktmediated insulin regulation of SIK2 activity appears to be a key component in the integration of both glucose and lipid metabolism in liver during fasting and feeding (Figure 8) .
Therefore, taken together, our findings suggest that SIK2 activators or specific p300 inhibitors, by reducing acetylation at specific genomic regions, may offer promise for novel therapeutic approaches for treating hepatic diseases such as NAFLD as well as obesity-associated metabolic syndrome.
